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Abstract
SUMO is a small post-translational modifier, that is attached to lysine residues in target proteins. It acts by altering protein-
protein interactions, protein localisation and protein activity. SUMO chains can also act as substrates for ubiquitination,
resulting in proteasome-mediated degradation of the target protein. SUMO is removed from target proteins by one of a
number of specific proteases. The processes of sumoylation and desumoylation have well documented roles in DNA
metabolism and in the maintenance of chromatin structure. To further analyse the role of this modification, we have
purified protein complexes containing the S. pombe SUMO protease, Ulp2. These complexes contain proteins required for
ribosome biogenesis, RNA stability and protein synthesis. Here we have focussed on two translation initiation factors that
we identified as co-purifying with Ulp2, eIF4G and eIF3h. We demonstrate that eIF4G, but not eIF3h, is sumoylated. This
modification is increased under conditions that produce cytoplasmic stress granules. Consistent with this we observe partial
co-localisation of eIF4G and SUMO in stressed cells. Using HeLa cells, we demonstrate that human eIF4GI is also sumoylated;
in vitro studies indicate that human eIF4GI is modified on K1368 and K1588, that are located in the C-terminal eIF4A- and
Mnk-binding sites respectively.
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Introduction
Sumoylation is a post-translational protein modification that is
required for numerous processes within cells, including transcrip-
tion, chromosome segregation, DNA damage responses, cell
signalling and meiosis (reviewed in [1–7]). At the molecular level
it functions by altering the surface of target molecules to affect
protein-protein interactions e.g. of PCNA (proliferating cell
nuclear antigen) and Srs2 (a DNA helicase) [8,9], by altering the
intracellular localisation of proteins e.g. of RanGAP [10], or by
changing the conformation of target proteins (e.g. in the case of
thymine DNA glycosylase [11]). SUMO chains attached to target
proteins can also be ubiquitinated and thus result in proteolysis of
the target.
SUMO is a small ubiquitin-like modifier that is attached to
lysine residues in target proteins. The yeasts Schizosaccharomyces
pombe and Saccharomyces cerevisiae both have a single gene for
SUMO: pmt3 and SMT3, respectively, while mammals have four,
SUMO-1, -2, -3 and -4 (although the role of SUMO-4 is not well
defined). SUMO-2 and -3 are 97% identical to each other and
about 50% identical to SUMO-1 (reviewed in [1]). SUMO is
produced as a precursor protein that needs to be cleaved into the
mature form in order to act as a substrate in the sumoylation
reaction. Processing of SUMO requires a specific SUMO-protease
[12–14], and involves the removal of a small number of amino
acids from the C-terminus of precursor SUMO to reveal a Gly-
Gly motif. Mature SUMO is then activated by the formation of a
thioester bond between the C-terminal glycine residue and a
cysteine residue in one subunit of the SUMO activating enzyme
(E1). From here SUMO is passed to the SUMO conjugating
enzyme (E2), where it again forms a thioester bond with another
cysteine residue. SUMO can then be attached to one or more
lysine residues in the target protein. In some cases, one of a small
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number of SUMO ligases (E3) is required for conjugation. In
many cases the lysine is contained within the consensus motif
yKxE, where y is a hydrophobic amino acid, and x is any amino
acid. SUMO can be added to target proteins as a monomer or as
poly-SUMO in the form of chains. The removal of SUMO from
target proteins or dismantling of SUMO chains occurs via the
action of SUMO-specific proteases [14,15].
In S. cerevisiae there are two SUMO proteases, Ulp1 and Ulp2,
both of which can deconjugate SUMO from target proteins, but
which have different target specificities [12]. Only Ulp1 is capable
of processing precursor SUMO to the mature form [12,15]. Ulp1
and Ulp2 are differently localised within the cell: Ulp1 is located at
nuclear pores, while Ulp2 is located mainly within the nucleus
[15]. Mammalian cells have six SUMO-specific proteases
(SENPs). These are also differentially localised within cells and
have different abilities to cleave precursor SUMO and to
deconjugate SUMO from targets e.g. [16,17]. The S. pombe Ulp1
protease has been characterised and shown to process SUMO to
the mature form, and like S. cerevisiae Ulp1, to be located at the
nuclear periphery [13]. However, little is known about Ulp2 in this
organism.
Translation initiation factors, which play key roles in cell
survival and oncogenesis [18–22], can be modified by sumoylation
[6,7,23–31]. Protein synthesis is carried out in three stages
(initiation, elongation and termination), with the initiation stage
of translation generally accepted as a major site of regulation of
gene expression in mammalian cells [18–22]. This step in protein
synthesis is regulated by a family of proteins, the initiation factors
[18,21,22] which interact with each other and the mRNA. These
proteins modulate the binding of mRNA to the ribosome, a
process facilitated by the assembly of the cap binding protein
(eIF4E), a helicase (eIF4A) and a scaffold protein (eIF4G), to form
the eIF4F complex (eIF4E/eIF4A/eIF4G). The eIF4G scaffold
protein possesses domains that interact with eIF4E, eIF4A, eIF3
and the poly(A) binding protein (PABP) [18,20–22]. The activity of
the eIF4F complex is regulated by a family of proteins, the eIF4E
binding proteins (4E-BPs). Using a conserved motif, 4E-BPs
compete with eIF4G for a common surface on eIF4E and inhibit
eIF4F assembly. In mammalian cells, activation of the mechanistic
target of rapamycin (mTORC1) leads to the multi-site phosphor-
ylation of 4E-BP1 [18,22,32] preventing 4E-BP1 from binding to
eIF4E and thereby allowing formation of the eIF4F initiation
complex and ribosomal recruitment of mRNA [18,21,22]. More
recently, phosphorylated human eIF4E has been shown to be
modified by sumoylation on five lysine residues [33]. Consistent
with a role in modulating protein-protein interactions [34],
sumoylation did not interfere with mRNA recognition but
enhanced eIF4F complex level assembly on the mRNA cap,
promoting the expression of ornithine decarboxylase, c-myc and
Bcl-2, thereby driving the anti-apoptotic and oncogenic activity of
eIF4E [33].
Since the majority of SUMO in cells is present in the nucleus,
much of the work undertaken to understand the role of
sumoylation has focussed on its role in regulating events associated
with DNA metabolism, such as the maintenance of chromatin
structure, recombination and DNA damage responses [3,5,8,9].
More recently it has been demonstrated that sumoylation is
required in the nucleolus to regulate ribosome biogenesis e.g. [35].
In order to obtain a fuller understanding of the role of sumoylation
we have begun to investigate the protein-protein interactions and
localisation of the mostly uncharacterised S. pombe SUMO
protease, Ulp2. Our results from gel filtration and immunofluo-
rescence studies indicate that Ulp2 is present in at least two high
Mr complexes, which are distinct from the nuclear pore complex
that contains Ulp1. We demonstrate that it co-purifies with a
number of proteins, many of which are involved in RNA
metabolism or protein synthesis. We have investigated whether
two of these proteins, eIF4G and eIF3h, are sumoylated, with the
result that we observe SUMO modification of eIF4G but not
eIF3h. Exposure of cells to conditions that lead to the formation of
stress granules, results in increased sumoylation of eIF4G, and
partial co-localisation of eIF4G and SUMO in the cytoplasm.
Finally, we demonstrate that human eIF4G is sumoylated in HeLa
cells, by both SUMO-1 and SUMO-2.
Materials and Methods
Strains and plasmids
The strains used in this work are described in Table 1. The
strains containing myc-, HA or TAP-tagged ulp1, ulp2, pli1, eIF4G
and eIF3h were created using the method of Bahler et al [36].
pREP41-His-SUMO was constructed by cloning the pmt3 ORF
into pREP41-His (created in this study). The S. pombe and human
eIF4G and eIF4GI constructs, Sp C-term, N-FAG, M-FAG and
C-FAG contain different fragments of the eIF4G/eIF4GI Orfs
cloned into pET15b [37]. HeLa cell lines stably transfected with
His-SUMO-1 and His-SUMO-2 were gifts from Prof R Hay
(University of Dundee) [38,39].
Ulp2 expression and assay
The ulp2 ORF was amplified from cDNA, by PCR and cloned
into pFastBacHTa (GibcoBRL). Recombinant baculoviruses were
generated according to GibcoBRL instructions. 50 ml infected
cells were lysed in 50 mM Tris HCl pH 8, 5 mM b-mercapto-
ethanol, 1% nonidet, 1 mM PMSF. Ulp2 protein was purified
using Talon resin. Ulp2 activity assays were conducted as
described for Ulp1 [13].
Protein purification methods
His-tagged SUMO was recovered from S. pombe and human
whole cell extracts under denaturing conditions with Ni2+ agarose
beads. Cell extracts were prepared as follows: 108 cells (S. pombe) or
6–86106 cells (Hela) were washed in ice cold water before being
lysed by vortexing in 1.85 M NaOH, 7.5% v/v b-mercaptoeth-
anol. The lysate was incubated on ice for 20 min after which TCA
was added to a final concentration of 25%. Following a further
20 min incubation on ice, precipitated proteins were collected by
centrifugation and resuspended and solubilised in 1 ml buffer A
(6 M guanidinium HCl, 0.1 M NaH2PO4, 10 mM Tris-HCl,
pH 8). Insoluble material was removed by centrifugation. The cell
extract was then incubated with Ni2+ agarose (Novagen) in Buffer
A in the presence of 0.05% Tween-20, 150 mM imidazole.
Purification on Ni2+ agarose was carried out according to the
manufacturer’s instructions. Samples were analysed by SDS-
PAGE and Western blotting. His-tagged S. pombe and human
eIF4GI fragments for in vitro sumoylation assays were purified from
E. coli using Ni2+ agarose according to the manufacturer’s
instructions.
For gel filtration, 200 ml logarithmically growing cells were
harvested, washed and then broken in 1 ml ice cold lysis buffer
(45 mM HEPES pH 7.8, 300 mM KCl, 5 mM MgCl2, 5 mM
EDTA, 5 mM EGTA, 12 mM NaF, 10% glycerol, 80 mM b-
glycerophosphate, 0.1 mM sodium orthovanadate, 1 mM PMSF,
1 mM DTT, supplemented with Roche complete protease
inhibitor). The extract was clarified by two rounds of centrifuga-
tion at 20,000 rpm for 10 min. 1.5 mg protein was loaded onto
either a Superdex 200 or Superose 6 column pre-equilibrated in
S. pombe Ulp2
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lysis buffer. 0.5 ml fractions were collected and 15 ml of each was
analysed by SDS PAGE.
For TAP-purification, 60 l ulp2-TAP cells were grown to mid-log
phase, harvested and frozen at 280uC until required. Ulp2-TAP
was purified using a modification of the method described by
Seraphin et al. [40]. Specifically, the cells were broken in a 6850
freezer mill in 20 mM Tris-HCl, pH 7.5, 10 mM NaCl, 1 mM
DTT, 0.5 mM EDTA, 2 mM MgCl2, 0.1 mM NaF, 0.1%
Nonidet NP40, 1 mM PMSF, 5 mM sodium orthovanadate,
80 mM b-glycerophosphate, 10 mM N-ethylmaleimide, supple-
mented with Roche complete protease inhibitor. All subsequent
procedures were carried out at 4uC. The cell extract was
centrifuged twice for 1 h at 10,000 rpm. Samples were pre-
cleared by incubation with 200 ml Dynabeads for 30 min to
remove proteins that bound non-specifically to the beads. The
extracts were incubated with 300 ml IgG-coated Dynabeads for
2 h. The beads were collected and washed extensively before
being resuspended in TEV buffer (50 mM Tris-HCl pH 8.0,
0.5 mM EDTA, 1 mM DTT) with 250 units AcTEV protease
(Invitrogen) for 3 h. The IgG-coated Dynabeads were removed
from the preparation and Ulp2-TAP containing complexes were
snap frozen in liquid nitrogen.
In vitro sumoylation assay
Recombinant His-tagged S. pombe eIF4G and human eIF4GI
fragments were purified from E. coli and tested for sumoylation in
an in vitro sumoylation assay as described elsewhere [41]. SUMO-
TRGG (Pmt3-L109R,GG: the mature form of S. pombe SUMO
containing a trypsin cleavage site immediately upstream of the
diglycine motif) was used in the assay to facilitate the identification
of the sumoylation sites by mass spectrometry.
Immunological methods
Western analysis was carried out as described previously [13].
Production of anti-SUMO and anti-eIF4GI (against the KRERK
epitope) antisera has been described elsewhere [41,42], anti-myc
antibodies for immunofluorescence were purified from cell
supernatant (cell line CRL1729, from ATCC) using protein G-
sepharose or were from Santa Cruz (sc-40), anti-HA antisera were
from Santa Cruz (sc-7392) and monoclonal anti-tubulin antibodies
were from Sigma (T5168). Immunofluorescence was undertaken
as described in Moreno et al. [43]. Cells were observed using an
Applied Precision Deltavision Spectris microscope using deconvo-
lution software.
Mass spectrometry
Complexes purified by purification of TAP-Ulp2 were analysed
by SDS PAGE. Protein bands were visualised by staining with
colloidal Coommassie, excised and subjected to trypsin in-gel
digestion essentially as described by Schevchenko et al. [44]. The
supernatant from the digested samples was removed and acidified
to 0.1% TFA, dried down, and reconstituted in 0.1% TFA prior to
LC MS/MS analysis. Each sample was loaded and desalted at a
flow rate of 5 ml/min on a C18 trap column (200 mm ID x 1 cm,
5 mm PepMap 100, Dionex) in buffer A (acetonitrile (2% v/v):
water (97.9% v/v): formic acid (0.1% v/v)). The tryptic peptides
were fractionated on a C18 reverse phase column (75 mm ID x
25 cm, 3 mm PepMap 100, Dionex) using an Ultimate U3000
nano-LC system (Dionex) and a 2 hr linear gradient from 95%
buffer A to 50% buffer B (acetonitrile (95% v/v): water (4.9% v/v):
formic acid (0.1% v/v) at a flow rate of 300 nl/min. Eluted
peptides were directly analysed by tandem mass spectrometry
using a LTQ Orbitrap XL hybrid FTMS (ThermoScientific)
operated in parallel acquisition IDA mode with nominal resolution
of 60,000 (FWHM) at m/z 400 for MS1 and the top six most
abundant multiply charged ions being selected for CID fragmen-
tation in the linear ion trap followed by dynamic exclusion for
90 secs.
Derived MS/MS data were searched against the S. pombe subset
of the UniProt Knowledgebase release 15.13 database using
Sequest version SRF v. 5 as implemented in Bioworks v 3.3.1
(Thermo Fisher Scientific), assuming carboxyamidomethylation
(Cys), deamidation (Asn and Gln) and oxidation (Met) as variable
modifications and using a peptide tolerance of 10 ppm and a
fragment ion tolerance of 0.8 Da. One missed cleavage was
allowed and filtering criteria used for positive protein identifica-
tions were Xcorr values greater than 1.9 for +1 spectra, 2.2 for +2
spectra and 3.75 for +3 spectra and a delta correlation (DCn) cut-
off of 0.1.
Table 1. List of strains.
Strain Genotype Reference
Sp.011 ade6-704, leu1-32, ura4-D18, h2 [72]
Sp.611 ulp1-myc:kan, ade6-704, leu1-32, ura4-D18, h2 This study
Sp.614 ulp2-myc:kan, ade6-704, leu1-32, ura4-D18, h2 This study
Sp.658 ulp1::ura4, ade6-704, leu1-32, ura4-D18, h2 [13]
Sp.723 pli1-myc:kan, ade6-704, leu1-32, ura4-D18, h2 This study
Sp.874 pmt3-GG:ura4, ade6-704, leu1-32, ura4-D18, h2 This study
sp.851 ulp1::ura4, pmt3-GG:ura4, ade6-704, leu1-32, ura4-D18, h2 This study
sp.855 ulp2::ura4, pmt3-GG:ura4, ade6-704, leu1-32, ura4-D18, h2 This study
Sp.1470 ulp2-TAP, ade6-704, leu1-32, ura4-D18, h2 This study
Sp.2047 eIF3h-HA:Nat, ade6-704, leu1-32, ura4-D18, h+ This study
Sp.2048 ulp2-myc:kan, eIF3h-HA:Nat, ade6-704, leu1-32, ura4-D18, h2 This study
Sp.2068 ulp2-myc:kan, eIF4G-HA:Nat, ade6-704, leu1-32, ura4-D18, h2 This study
Sp.2085 ulp2::kan, ade6-704, leu1-32, ura4-D18, h2 This study
Sp.2088 eIF4G-HA:Nat, ade6-704, leu1-32, ura4-D18, h+ This study
doi:10.1371/journal.pone.0094182.t001
S. pombe Ulp2
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For the identification of sumoylation sites, reduction and
alkylation were instead performed using TCEP and MMTS
respectively as previously described [45] and bioinformatics
analysis following conversion of LTQ-Orbitrap (.raw) raw data
files to Mascot generic format (MGF) via Mascot Distiller (Matrix
Science) performed essentially as described by Chicooree et al.
[46] using the MASCOT search engine with the UniProt
Knowledgebase release 15.13 database with the S. pombe subset
as selected taxonomy. Precursor ion tolerances were again set at
10 ppm and MS/MS peptide ion tolerance to 0.8 Da, and the
same variable modifications assumed. However, two missed
trypsin cleavages were allowed.
Following trypsin digestion, cleavage of the SUMO moiety was
expected to leave a Gly-Gly isotag on modified residues. The GG
isotag (on lys) was accordingly also searched as a variable
modification. Following MASCOT searches, putative sites of
SUMOylation were noted and the relevant raw MS/MS spectra
subsequently examined manually to confirm presence of the
modification (the GG isotag).
Results
Biochemical characterisation of S. pombe Ulp2
A comparison of the S. pombe Ulp2 sequence was made with
those of the two S. cerevisiae SUMO proteases, Ulp1 and Ulp2 [47].
Since S. pombe Ulp2 more closely resembles S. cerevisiae Ulp2
(required solely for deconjugating SUMO from high Mr SUMO-
containing species) than it does Ulp1 (which is required for both
processing and deconjugating), it is likely that the main activity of
S. pombe Ulp2 is in deconjugating SUMO from sumoylated targets
rather than in processing SUMO to the mature form. Before
proceeding to analyse the localisation or protein-protein interac-
tions of Ulp2, we first confirmed its proposed biochemical activity.
His-tagged Ulp2 was purified from insect cells as described in
Materials and Methods. Using assays we described previously [13],
we demonstrate that Ulp2 is significantly less able than Ulp1 to
process SUMO to the mature form (Figure 1A, lane 2 (Ulp1) and
lane 3 (Ulp2)), but is capable of deconjugating SUMO from high
Mr species in an N-ethylmaleimide- (NEM)-dependent manner
(Figure 1B). These results confirm that like S. cerevisiae Ulp2, S.
pombe Ulp2 is a cysteine protease whose main function is in
deconjugating SUMO from target proteins.
Deletion of the ulp2 gene results in a severe growth
defect and sensitivity to a range of stresses
Deletion of pmt3 (which encodes SUMO), hus5 (the gene
encoding the SUMO-conjugating enzyme, E2), rad31 (which
encodes one sub-unit of the SUMO activating enzyme, E1) or ulp1
(another SUMO-specific protease gene) results in severe growth
and morphological abnormalities [13,48–50]. We therefore wished
to determine whether disrupting the ulp2 gene has any effect on
cell growth or viability. Disruption of the gene is not lethal.
However, ulp2-d cells form very small colonies and show distinct
morphological abnormalities resembling hus5 and rad31 mutants
(data not shown). Comparison of SUMO-containing species in
ulp1-d and ulp2-d cells (Figure 1C, lanes 3 and 4) supports the
notion that the main function of Ulp2 is in the removal or
dismantling of high Mr SUMO-containing species, rather than in
processing precursor SUMO. Provision of the mature form of
SUMO (Pmt3-GG) in ulp1-d cells (lane 5) results in the
incorporation of SUMO into high Mr species (unlike the situation
in ulp1-d cells, lane 3), while in ulp2-d cells (lane 6), the level of high
Mr species is slightly increased.
To begin to identify cellular processes involving Ulp2, we tested
whether ulp2-d cells are sensitive to the DNA synthesis inhibitor,
hydroxyurea (HU) and other stresses (Figure 1D), and compared
these responses to those of ulp1-d,pmt3-GG cells (where the mature
form of SUMO is provided, so that cells are only defective in the
deconjugating activity of Ulp1). Since ulp2-d and ulp1-d,pmt3-GG
cultures contain a high proportion of dead cells, it was necessary to
plate more cells for these strains compared to wild type
(approximately 10 fold). These data indicate that ulp2-d cells are
temperature sensitive, unlike the ulp1-d,pmt3-GG strain, but similar
to the S. cerevisiae ulp2D strain [51], and sensitive to the DNA
synthesis inhibitor, hydroxyurea (HU, 2 mM). They are also
sensitive to the protein synthesis inhibitor, cycloheximide (CHX,
10 and 20 mg/ml) and KCl (1 M) indicating that Ulp2 likely has
roles in numerous cellular processes.
Ulp2 is present in high molecular weight complexes
Throughout most of the cell cycle, Ulp1 is associated with the
nuclear envelope [13], and specifically with the nuclear pore
complex [52,53]. To determine whether Ulp2 is also part of a high
Mr complex we undertook gel filtration analysis. Figure 2A
indicates that, as expected, Ulp1 elutes in the void volume,
consistent with it being present in a high Mr complex. Ulp2 also
elutes in the void volume like Ulp1, but additionally, it is present in
fractions corresponding to an approximate Mr of 670 kDa. This
suggests that Ulp2 is likely to be present in at least two different
complexes. In contrast to the results obtained for Ulp1 and Ulp2,
Pli1, an E3 SUMO ligase [54], does not elute in these high Mr
fractions, implying that it likely exists in cells as a monomer or
possibly a dimer.
Ulp2 is located in both the nucleus and cytoplasm, but is
predominantly nuclear
Since a proportion of Ulp2 co-elutes with Ulp1 in the void
volume, we wished to determine whether some or all of the Ulp2
co-localises with Ulp1 in cells, i.e. is at the nuclear periphery. We
therefore analysed the localisation of Ulp2. Figure 3 indicates that
Ulp2 is present in foci that are predominantly nuclear, with a small
proportion in the cytoplasm. Little if any Ulp2 is located at the
nuclear periphery. Thus the location of Ulp2 is distinct from that
of Ulp1 [13], indicating that it is unlikely to be part of nuclear pore
complexes. In many cases, Ulp2 co-localises with SUMO. Ulp1
undergoes distinct changes in localisation during the cell cycle, its
localisation changing from the nuclear periphery where it is for
most of the cell cycle, to the region between the separating DNA
masses during mitosis [13]. In contrast, the location of Ulp2
appears to be relatively unchanged in cells at different cell cycle
stages. For example, during mitosis (Figure 3, TRITC panel, cells
labelled 4), a time when Ulp1 relocalises, the distribution of
intranuclear Ulp2 foci is very similar to that observed at other
times in the cell cycle (cells labelled 1–3) and is unchanged.
Ulp2 co-purifies with proteins associated with RNA
metabolism and protein synthesis
To begin to identify the nature of the complexes observed in
Figure 2, we C-terminally-tagged Ulp2 with TAP in the genome
(ulp2-TAP) and isolated the tagged protein and associated proteins
as described in Materials and Methods. Protein complexes were
analysed by SDS PAGE (Figure 4) and fractions excised from the
gel for mass spectrometric analysis. As shown in Table S1 and
Table 2, the majority of the proteins identified are associated with
RNA metabolism, such as RNA processing, ribosome biogenesis
or initiation of translation. To ensure that these proteins co-
S. pombe Ulp2
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purified specifically with Ulp2, a parallel purification was
undertaken using Rad9-TAP, and from cells expressing the TAP
tag alone (Figure S1). Rad9 is a member of the 9-1-1 complex
required for the DNA integrity checkpoint [55], and would not be
expected to interact with a the same proteins as those that interact
with Ulp2. Very little protein co-purified with the TAP-tag alone,
while purification of Rad9-TAP yielded a quite different set of
bands. Most of the proteins co-purifying with Rad9 were
associated with DNA metabolism as expected (data not shown)
and only one protein, glyceraldehyde 3-phosphate dehydrogenase,
was common to the Ulp2-TAP and Rad9-TAP preparations.
A number of proteins required for ribosome biogenesis,
including some of those we identified by mass spectrometry, have
recently been demonstrated to be sumoylated (Table 2) [6,7,23–
27,56–58]. However, little is known about the effect of sumoyla-
tion on the function of translation factors. We therefore selected
two translation initiation factors, eIF4G and eIF3h for further
study. The analysis of some of the other factors will be described
elsewhere. eIF4G has been well characterised in S. cerevisiae and
mammalian cells [18,22] and to some extent in S. pombe [59].
eIF4G acts as a scaffold protein as part of the eIF4F complex to
recruit mRNA to the ribosome for translation [21], while eIF3h is
a non-core subunit of the eIF3 complex linking eIF4F/mRNA to
the ribosome in mammalian cells [60]. Gel filtration analysis of
whole cell extracts from cells containing Ulp2-myc and either
eIF4G-HA or eIF3h-HA indicates that the majority of eIF4G co-
elutes with Ulp2 (Figure 2B). In contrast, eIF3h elutes in multiple
Figure 1. Analysis of Ulp2 function. A. Assay for SUMO-processing activity. Lanes 1–4 contain full length SUMO, lane 5 SUMO-GG. Lanes 1,5,
unincubated controls, lanes 2–4 were incubated at 20uC for 2 h following addition of 0.72 mg Ulp1 (lane 2), 2.32 mg Ulp2 (lane 3) or 2 ml buffer (lane
4). Proteins were analysed by SDS PAGE followed by staining with Coommassie Brilliant Blue. B. Assay for de-conjugating activity. S. pombe cell
extracts were prepared using standard native extraction procedures. Extracts were incubated at 20uC for 2 h (lanes 1–6), lane 1 5 ml of fraction from
extract from E. coli cells transformed with empty vector, equivalent in volume to the Ulp2-containing fraction from ulp2-transformed cells, lane 2
0.6 mg Ulp2, lane 3 1.2 mg Ulp2, lane 4 2.4 mg (5 ml) Ulp2, lane 5 4.8 mg Ulp2, lane 6 1.2 mg Ulp2 pre-incubated with 5 mM NEM, lane 7 total cell extract
without incubation at 20uC. Assays were analysed by Western blotting with anti-SUMO antisera. C. Western analysis of total cell extracts using anti-
SUMO antisera. Both the separating and stacking gels (6% polyacrylamide in the stacking gel) were blotted. D. Ten microlitre of 10 fold serial dilutions
of cells were plated onto YEP agar plates with or without additives as indicated. 10x amount of cells of ulp2-d and ulp1-d,pmt3-GG were used
compared to wild type.
doi:10.1371/journal.pone.0094182.g001
S. pombe Ulp2
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Figure 2. Ulp2 is present in high Mr complexes. Analysis of complexes by gel filtration. A. Total cell extracts from ulp1-myc, ulp2-myc or pli1-myc
strains were analysed on a Sephadex 200 column, and fractions were western blotted with anti-myc antibodies. B. Total cell extracts from ulp2-
myc,eIF4G-HA and ulp2-myc,eIF3h-HA strains were analysed on a Superose 6 column, fractions were western blotted with anti-myc and anti-HA
antibodies.
doi:10.1371/journal.pone.0094182.g002
Figure 3. Ulp2 is localised predominantly within the nucleus. A. Cells containing myc-tagged ulp2 as the sole copy of the ulp2 gene were
incubated with anti-myc antisera (mouse monoclonal) and anti-SUMO antisera (rabbit polyclonal) followed by TRITC-conjugated anti-mouse IgG
antisera, FITC-conjugated anti-rabbit IgG antisera and DAPI. Merge = overlay of TRITC (red), FITC (green) and DAPI (blue) staining. 1: early G2 cells,
2,3: late G2 cells, 4: mitotic cells, 5: S phase cells. Bar = 5 mm.
doi:10.1371/journal.pone.0094182.g003
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fractions, suggesting it is present in several different sized
complexes.
eIF4G, but not eIF3h, is sumoylated in S. pombe
One possibility to explain the interaction of eIF4G and eIF3h
with the SUMO protease Ulp2 is that they are themselves
modified by SUMO. In order to determine whether this is the
case, cells containing genomic copies of HA-tagged eIF4G or
eIF3h were co-transformed with pREP41-His-SUMO. His-tagged
SUMO was purified on Ni2+ agarose. Denaturing conditions (with
6 M guanidinium HCl in the binding buffer, followed by 6 M
urea, 300 mM imidazole washes) were used to ensure that
sumoylation of the individual proteins was being observed, rather
than that of other components of the eIF4F or eIF3 complexes).
Figure 5A, shows that eIF4G is specifically recovered in the
presence of His-tagged SUMO (lane 1), but not in the absence of
His-tagged SUMO (lane 2), indicating that it is sumoylated in S.
pombe. In contrast, eIF3h is not recovered in either the absence or
presence of His-tagged SUMO (Figure 5B), indicating that this
translation factor is not sumoylated in fission yeast. Its co-
purification with Ulp2 may thus be through the interaction of
Ulp2 with other member(s) of the eIF3 complex.
Conditions that induce stress granules affect the
localisation and sumoylation of eIF4G
Since one of the functions of sumoylation is to affect protein
localisation, we next investigated whether eIF4G and SUMO co-
localise. Figure 6 shows that in untreated cells, as has been shown
previously [61], the majority of eIF4G is cytoplasmic as expected
for a translation initiation factor. As has been observed in S.
cerevisiae and human cells [62,63], a small amount of eIF4G is also
present in the nucleus, where it is proposed to couple RNA
processing events in the nucleus with translation in the cytoplasm.
In contrast to the situation with eIF4G, the majority of the SUMO
protein is present in the nucleus (Figures 3 and 6). We observe that
a significant proportion of the nuclear eIF4G co-localises with
SUMO, suggesting sumoylation of eIF4G may have a role in
regulating RNA processing or localisation.
Protein synthesis can be inhibited by a variety of factors. For
example, cycloheximide (CHX) interacts with ribosomes and
inhibits the elongation step, while exposure of S. pombe cells to 1 M
KCl inhibits protein synthesis by the sequestration of translation
initiation factors and mRNA into cytoplasmic stress granules [64].
Following treatment with CHX, eIF4G staining is slightly more
punctate than in untreated cells, while the pattern of SUMO
staining is unchanged. In these cells, there is a low level of
colocalisation of eIF4G and SUMO in the nucleus. Interestingly,
exposure of cells to CHX results in distorted nuclei. The reason for
this is not known, but it could be due to disruption of RNA
processing and/or localisation by CHX.
In S. pombe and mammalian cells eIF4G and eIF4GI respec-
tively, are among the translation factors present in stress granules
[61,65,66]. To investigate stress granule formation in S. pombe, we
exposed cells to 1 M KCl. In these cells, eIF4G is present in fewer,
but quite bright, punctate cytoplasmic foci (Figure 6). This pattern
of staining is similar to what has been observed for stress granules
in S. pombe, and in particular, what has previously been observed
for eIF4G in this organism [61,64]. In these cells, there was
occasional co-localisation of the two proteins in the cytoplasm and
this appeared to reflect the appearance of eIF4G and SUMO in
the same granule.
Figure 4. Purification of Ulp2-TAP. SDS-PAGE of Ulp2-Tap and
associated proteins. TEV = TEV protease, used to cleave Ulp2 from TAP
tag. Numbers refer to gel slices analysed by mass spectrometry.
doi:10.1371/journal.pone.0094182.g004
Table 2. Summary of proteins identified by mass spectrometry that co-purified with TAP-Ulp2.
Function Protein
Translation eIF2a, eIF2b, eIF3a, eIF3b, eIF3c, eIF3c, eIF3h, eIF4G, EF1a EF2B, eEF3B, EF2, Pabp
RNA synthesis Rpa1, Rpa2,
RNA processing Rrp5, SPAC694.02, Exo2, Dhp1, Upf1, SPBC19G7.10C, Nop2, Dbp2, Prp19, Sla1,
Ribosome biogenesis aconitate hydrolase/mitochondrial ribosomal protein subunit L49, SPAC22G7.05, SPAC1142.04(Noc2 predicted), Hsc1/Sks2, Rpl301,
Rpl302, Rml2
DNA metabolism Tcg1, Rfc5,
Other Pfk1, SPBC16h5.12C, glutamate 5-kinase (predicted), Gpd1, Gpd3
Data from [6,7,23–26,56–58].
doi:10.1371/journal.pone.0094182.t002
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Another protein known to be present in stress granules is polyA-
binding protein (PABP) [61]. We therefore compared the
localisation of eIF4G and PABP in cells exposed to 1 M KCl.
We observe PABP in large cytoplasmic granules, which are
different to those we observe in cells only containing HA-tagged
eIF4G-HA (Figure S2A and Figure 6). Curiously, in some of the
cells that contain both eIF4G-HA and PABP-RFP, eIF4G is now
also present in large granules where it co-localises with PABP.
Further analysis of PABP-RFP containing cells indicated that a
proportion of the SUMO is mislocalised to the cytoplasm (Figure
S2B). This suggests that C-terminal RFP-tagging of PABP may
affect its function and/or localisation.
Following exposure to 1 M KCl, we noticed that there was less
staining of both eIF4G and SUMO compared to that in untreated
cells. Western analysis of eIF4G and SUMO levels indicates that
in response to 1 M KCl the levels of both proteins are significantly
reduced (Figure 5C). The reason for this is unknown, but may be
due to the fact that a proportion of the eIF4G and SUMO is
insoluble and not recovered in the extract. Alternatively, and in
our view the more likely explanation, we propose that in response
to this stress, there is increased proteolysis of both proteins.
We next investigated whether sumoylation of eIF4G is affected
by exposure of cells to either CHX (100 mg/ml) or KCl (1 M).
Figure 7A indicates that there is an increase in sumoylation in
response to KCl, with levels of sumoylation unaffected by exposure
to CHX, when compared to levels in untreated cells (with relative
levels being 1:1:1.5; wt, CHX-treated, KCl-treated, respectively).
These data suggest that sumoylation of eIF4G may be associated
with stress granule formation and/or proteolysis of the translation
initiation factor.
Human eIF4GI is sumoylated
In order to analyse the role of sumoylation of S. pombe eIF4G we
investigated the possibility of testing the protein for ability to be
sumoylated in our in vitro sumoylation assay, as this could help us
identify the sumoylated lysine residue(s). However, two factors
make this identification difficult. Firstly, in order to purify protein
for an in vitro sumoylation assay, we would need to clone the full
length S. pombe eIF4G cDNA. We have previously observed that
Figure 5. eIF4G, but not eIF3h, is sumoylated. His-tagged SUMO was expressed in cells containing genomically tagged (HA) copies of eIF4G (A)
and eIF3h (B). WCE = whole cell extract, PD = Ni2+-agarose pull down. Blots were probed with anti-HA or anti-SUMO antisera. C. Western blot of
whole cell extracts from cells containing genomically tagged eIF4G-HA. UT = untreated, C, K = incubated for 30 min with 100 mg/ml CHX (C) or 1 M
KCl (K).
doi:10.1371/journal.pone.0094182.g005
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plasmids containing the N-terminus of the S. pombe eIF4G coding
sequence cannot be tolerated in E. coli [59], so that full length
eIF4G cannot be expressed in E. coli. The reason for this is
unknown, but may be due to the presence of a highly repeated
sequence within the eIF4G coding sequence. Secondly, this highly
repeated sequence (present in the coding sequence in the S. pombe,
but not in the S. cerevisiae or human proteins) contains 16 repeats of
a perfect sumoylation site consensus motif (AKRE), which would
likely make identification of the site(s) difficult, even if we were able
to express the full length protein. We therefore expressed a C-
terminal fragment (comprising aa 970–1403), which contains
eIF4E, eIF4A and eIF3 binding sites (Figure 7B) and tested this in
our in vitro sumoylation assay. We did not observe any sumoylation
of this fragment, implying that sumoylation likely occurs in the N-
terminus of the protein.
To further analyse the role of sumoylation we set out to
determine whether human eIF4GI is sumoylated and if so, to
identify the sumoylation site(s) in this protein. We used HeLa cell
lines stably transfected with either His-SUMO-1 or His-SUMO-2
[38,39]. His-tagged SUMO was recovered from cell extracts
prepared under denaturing conditions. Figure 7C indicates that
eIF4GI is not recovered from extracts of cells that do not contain
His-tagged SUMO (lane1), but is isolated from extracts of cells
containing His-SUMO-1 (lane 2) and to a lesser extent from cells
expressing His-SUMO-2 (lane 3). This confirms that, like S. pombe
eIF4G, human eIF4GI is sumoylated.
We next sought to identify the sumoylation sites on human
eIF4GI. In order to facilitate our analysis, we used three different
human eIF4G fragments, N-FAG, M-FAG and C-FAG (Figure 7B,
[37]). These protein fragments were purified from E. coli and tested
in our in vitro sumoylation assay (data not shown). Slow migrating
forms of eIF4G were excised from gels and analysed by mass
spectrometry. Two sumoylation sites were identified: K1368 and
K1588 (Figure 7D). These map to two domains of eIF4GI which
interact with eIF4A and the protein kinase, Mnk1, respectively
[18,21,22]. These results suggest that sumoylation may affect the
interaction of eIF4GI with these two proteins.
Discussion
In order to analyse the role of S. pombe Ulp2, we purified Ulp2-
TAP-containing complexes. We identified proteins involved in
RNA synthesis or processing, ribosome biogenesis and translation.
This is consistent with recent reports that a number of proteins
required for ribosome biogenesis and RNA processing are
sumoylated [6,67,68]. While this manuscript was in preparation,
Figure 6. Effect of cycloheximide and KCl on localisation of eIF4G and SUMO. Cells containing eIF4G-HA, untreated (UT) or exposed to CHX
(100 mg/ml) or KCl (1 M) as indicated, were incubated with anti-SUMO antisera (green) and anti-HA antisera (red). Bar = 5 mm. Bottom panel, regions
indicated by boxes in panel above. Arrows indicate sites of colocalisation of SUMO and eIF4G.
doi:10.1371/journal.pone.0094182.g006
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a global analysis of the SUMO system interactome in S. cerevisiae
identified a range of proteins including a number required for
ribosome biogenesis and rRNA processing that interact with Ulp2
[69]. Additionally, the nucleolar SUMO-specific protease, SENP3,
has been demonstrated to reverse the SUMO modification of
nucleophosmin to be required for rRNA processing [70].
Although a number of translation factors, required for both the
initiation and elongation steps of protein synthesis, have been
identified in global screens as being sumoylated e.g. [23–28,30,31],
little is known about the role of sumoylation of these proteins. This
is in contrast to the situation with the role of sumoylation in
ribosome biogenesis. We therefore focussed our attention on two
S. pombe translation initiation factors in our list of Ulp2-interactors:
Figure 7. Human eIF4G is sumoylated. A. S. pombe cells containing His-tagged SUMO and HA-tagged eIF4G as indicated were treated with CHX
(100 mg/ml) or KCl (1 M), and His-tagged SUMO pulled down, and analysed as in Figure 5. B. Comparison of human and eIF4G proteins, indicating
protein binding domains: PABP= polyA binding protein, 4E = eIF4E, 4A = eIF4A, 3 = eIF3, Mnk = MAP kinase-interacting kinase 1. C. Whole cell
extracts (WCE) and Ni2+ pull-down (PD) from extracts of HeLa cells stably transfected with His-tagged SUMO-1 (S1) or SUMO-2 (S2) or nothing (-).
Western blots probed with anti-eIF4GI (KRERK epitope) antisera. D. Representative eIF4G ion mass spectra (MS/MS spectra) showing identification of
the in vitro sites of sumoylation.
doi:10.1371/journal.pone.0094182.g007
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eIF4G and eIF3h. Both proteins are known to be present in high
Mr complexes, with eIF4G being part of the eIF4F complex while
eIF3h is part of the eIF3 complex [22]. We demonstrate here that
eIF4G, but not eIF3h is sumoylated in vivo. These results are
supported by the genome-wide analyses of sumoylated proteins
that have been undertaken, that indicate that eIF4G is sumoylated
[24,28] but which have not to date identified eIF3h as a
sumoylation target.
As the most prominent role of translation initiation factors is in
cytoplasmic protein synthesis, we began by investigating whether
Ulp2 is associated with polysomes. However, we observed that
while Ulp2 migrated at the same position in sucrose gradients as
polysomes, it was still present in these fractions under conditions
(2.5 mM EDTA) where polysomes were disrupted, indicating that
the majority of Ulp2 is not associated with actively translating
polysomes (data not shown). This result confirms our gel filtration
analysis and localisation studies, and indicates that Ulp2 is present
in very high molecular weight complexes, but discounts the
possibility that Ulp2 is associated with actively translating
polysomes.
The role of sumoylation of translation factors has not been well
studied, apart from that of eIF4E [29,33]. eIF4E is an mRNA cap-
binding protein, and one of the proteins that interacts with eIF4G
to form the eIF4F complex [22]. eIF4E is regulated by
phosphorylation and by interaction with eIF4E-binding proteins
(4E-BPs). Sumoylation of eIF4E on five lysines is promoted by its
phosphorylation at S209, and results in its dissociation from 4E-
BP1. Sumoylation did not interfere with mRNA recognition but
enhanced eIF4F complex assembly on the mRNA cap, promoting
the expression of ornithine decarboxylase, c-myc and Bcl-2,
driving the anti-apoptotic and oncogenic activity of eIF4E [33]. As
phosphorylation of eIF4E has been shown to play a role in
selective nuclear export of mRNA [71], it is likely that sumoylation
of eIF4E occurs in the nucleus and/or as it emerges into the
cytoplasm
We have shown that in response to osmotic stress (1 M KCl),
conditions that induce stress granules in fission yeast, the overall
levels of SUMO and eIF4G are reduced. We have also shown that
under these conditions, there is increased sumoylation of eIF4G.
The role of this modification is not known. Our results suggest two
possible scenarios: the first being that sumoylation is targeting
eIF4G for degradation, possibly via the action of a SUMO-
targeted ubiquitin ligase (STUbL). The second possibility is that
sumoylation may be targeting eIF4G to stress granules. Further
work is needed to distinguish between these two possibilities.
The two sumoylation sites in human eIF4GI that we have
identified are not conserved in fission yeast eIF4G, as this protein
lacks the C-terminal domains present in human eIF4GI
(Figure 7B). Their positions suggest that sumoylation of this
protein may be affecting interactions of eIF4GI with eIF4A and
Mnk1. eIF4A is a DEAD-box protein that participates in
translation initiation and binds to eIF4GI [18,21,22]. Functioning
as an ATP-dependent RNA helicase, eIF4A is believed to unwind
secondary structure in the 59-untranslated region of mRNAs to
enable ribosome scanning. The RNA-stimulated ATPase and
ATP-dependent helicase activities of eIF4A are enhanced by its
interaction with two domains on eIF4GI, one in the C-terminus
and one in the middle domain [18,22]. Interaction and subsequent
recycling of eIF4A from the eIF4G/eIF4A complex stimulates the
eIF4A helicase activity required for the mRNA scanning process.
It is possible that sumoylation of eIF4GI either directly or
indirectly affects the interaction with eIF4A, thereby regulating
translation initiation. Mnk1 is a kinase which binds at the extreme
C-terminus of eIF4GI and regulates the phosphorylation of eIF4E
at Ser209 [18,21,22]. Phosphorylated eIF4E has been shown to be
modified by sumoylation on five lysine residues [33] promoting
eIF4F complex formation and specific protein synthesis [33].
Sumoylation of K1588 on eIF4GI could prevent the binding of
Mnk1, reduce eIF4E phoshorylation and thereby abrogate
sumoylation of eIF4E and specific mRNA translation. As
phosphorylation of eIF4E is associated with tumour cell formation
and increased resistance of tumour cells to apoptosis, sumoylation
of eIF4GI at this site could provide a novel and undiscovered
mechanism to regulate cell growth and proliferation in mamma-
lian cells. Further work needs to be done to address this.
In conclusion, our results demonstrate that S. pombe and human
eIF4GI are both sumoylated, and that in S. pombe this modification
is increased under conditions that promote the formation of stress
granules. We have also identified the target lysine residues that are
used for sumoylation in vitro in human eIF4GI. It will be of interest
to determine whether these sites are also used in vivo, and to
identify the role of this sumoylation.
Supporting Information
Figure S1 Comparison of proteins co-purifying with
Ulp2-Tap and Rad9-Tap. Extracts from cells expressing Ulp2-
Tap, Rad9-Tap (Methods S1) or Tap alone were subjected to the
same purification procedure and analysed by SDS-PAGE followed
by staining with colloidal coommassie.
(TIF)
Figure S2 Colocalisation of eIF4G with PABP. A. Strain
containing eIF4G-HA and PABP-RFP stained with anti-HA and
anti-RFP antisera. Secondary antisera: anti-rabbit FITC conju-
gated, anti-mouse TRITC-conjugated. B. Strains containing either
eIF4G-HA or Pabp-RFP (Methods S1) as indicated, stained with
anti-SUMO antisera.
(TIF)
Table S1 Identity of proteins co-purifying with Ulp2-
TAP. Proteins identified by LC MS/MS (Methods S1).
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Methods S1
(DOCX)
Author Contributions
Conceived and designed the experiments: FZW SJM DLT. Performed the
experiments: JJ MF LZ OW LS RB DS LDB FZW DLT. Analyzed the
data: MF DS LDB SJM FZW. Contributed reagents/materials/analysis
tools: JJ MF LZ LS RB DS LDB SJM FZW. Wrote the paper: FZW SJM.
References
1. Hay RT (2005) SUMO: a history of modification. Mol Cell 18: 1–12.
2. Watts FZ, Hoffmann E (2011) SUMO meets meiosis: an encounter at the
synaptonemal complex: SUMO chains and sumoylated proteins suggest that
heterogeneous and complex interactions lie at the centre of the synaptonemal
complex. BioEssays: news and reviews in molecular, cellular and developmental
biology 33: 529–537.
3. Jackson SP, Durocher D (2013) Regulation of DNA damage responses by
ubiquitin and SUMO. Molecular cell 49: 795–807.
4. Ouyang J, Valin A, Gill G (2009) Regulation of transcription factor activity by
SUMO modification. Methods in molecular biology 497: 141–152.
5. Wan J, Subramonian D, Zhang XD (2012) SUMOylation in control of accurate
chromosome segregation during mitosis. Current protein & peptide science 13:
467–481.
S. pombe Ulp2
PLOS ONE | www.plosone.org 11 May 2014 | Volume 9 | Issue 5 | e94182
6. Westman BJ, Verheggen C, Hutten S, Lam YW, Bertrand E, et al. (2010) A
proteomic screen for nucleolar SUMO targets shows SUMOylation modulates
the function of Nop5/Nop58. Molecular cell 39: 618–631.
7. Hannich JT, Lewis A, Kroetz MB, Li SJ, Heide H, et al. (2005) Defining the
SUMO-modified proteome by multiple approaches in Saccharomyces cerevi-
siae. J Biol Chem 280: 4102–4110.
8. Pfander B, Moldovan GL, Sacher M, Hoege C, Jentsch S (2005) SUMO-
modified PCNA recruits Srs2 to prevent recombination during S phase. Nature
436: 428–433.
9. Papouli E, Chen S, Davies AA, Huttner D, Krejci L, et al. (2005) Crosstalk
between SUMO and ubiquitin on PCNA is mediated by recruitment of the
helicase Srs2p. Mol Cell 19: 123–133.
10. Joseph J, Tan SH, Karpova TS, McNally JG, Dasso M (2002) SUMO-1 targets
RanGAP1 to kinetochores and mitotic spindles. J Cell Biol 156: 595–602.
11. Hardeland U, Steinacher R, Jiricny J, Schar P (2002) Modification of the human
thymine-DNA glycosylase by ubiquitin-like proteins facilitates enzymatic
turnover. Embo J 21: 1456–1464.
12. Li SJ, Hochstrasser M (2003) The Ulp1 SUMO isopeptidase: distinct domains
required for viability, nuclear envelope localization, and substrate specificity.
J Cell Biol 160: 1069–1081.
13. Taylor DL, Ho JC, Oliver A, Watts FZ (2002) Cell-cycle-dependent localisation
of Ulp1, a Schizosaccharomyces pombe Pmt3 (SUMO)-specific protease. J Cell
Sci 115: 1113–1122.
14. Hickey CM, Wilson NR, Hochstrasser M (2012) Function and regulation of
SUMO proteases. Nature reviews Molecular cell biology 13: 755–766.
15. Li SJ, Hochstrasser M (2000) The yeast ULP2 (SMT4) gene encodes a novel
protease specific for the ubiquitin-like Smt3 protein. Mol Cell Biol 20: 2367–
2377.
16. Yeh ET (2009) SUMOylation and De-SUMOylation: wrestling with life’s
processes. J Biol Chem 284: 8223–8227.
17. Kolli N, Mikolajczyk J, Drag M, Mukhopadhyay D, Moffatt N, et al. (2010)
Distribution and paralogue specificity of mammalian deSUMOylating enzymes.
Biochem J 430: 335–344.
18. Sonenberg N, Hinnebusch AG (2009) Regulation of translation initiation in
eukaryotes: mechanisms and biological targets. Cell 136: 731–745.
19. Guertin DA, Sabatini DM (2007) Defining the role of mTOR in cancer. Cancer
Cell 12: 9–22.
20. Laplante M, Sabatini DM (2012) mTOR signaling in growth control and
disease. Cell 149: 274–293.
21. Morley SJ, Coldwell MJ, Clemens MJ (2005) Initiation factor modifications in
the preapoptotic phase. Cell death and differentiation 12: 571–584.
22. Jackson RJ, Hellen CU, Pestova TV (2010) The mechanism of eukaryotic
translation initiation and principles of its regulation. Nature reviews Molecular
cell biology 11: 113–127.
23. Blomster HA, Hietakangas V, Wu J, Kouvonen P, Hautaniemi S, et al. (2009)
Novel proteomics strategy brings insight into the prevalence of SUMO-2 target
sites. Mol Cell Proteomics 8: 1382–1390.
24. Matafora V, D’Amato A, Mori S, Blasi F, Bachi A (2009) Proteomics analysis of
nucleolar SUMO-1 target proteins upon proteasome inhibition. Mol Cell
Proteomics 8: 2243–2255.
25. Yang W, Thompson JW, Wang Z, Wang L, Sheng H, et al. (2012) Analysis of
oxygen/glucose-deprivation-induced changes in SUMO3 conjugation using
SILAC-based quantitative proteomics. J Proteome Res 11: 1108–1117.
26. Panse VG, Hardeland U, Werner T, Kuster B, Hurt E (2004) A proteome-wide
approach identifies sumoylated substrate proteins in yeast. J Biol Chem 279:
41346–41351.
27. Miller MJ, Barrett-Wilt GA, Hua Z, Vierstra RD (2010) Proteomic analyses
identify a diverse array of nuclear processes affected by small ubiquitin-like
modifier conjugation in Arabidopsis. Proceedings of the National Academy of
Sciences of the United States of America 107: 16512–16517.
28. Bruderer R, Tatham MH, Plechanovova A, Matic I, Garg AK, et al. (2011)
Purification and identification of endogenous polySUMO conjugates. EMBO
Rep 12: 142–148.
29. Xu X, Vatsyayan J, Gao C, Bakkenist CJ, Hu J (2010) HDAC2 promotes eIF4E
sumoylation and activates mRNA translation gene specifically. J Biol Chem 285:
18139–18143.
30. Nie M, Xie Y, Loo JA, Courey AJ (2009) Genetic and proteomic evidence for
roles of Drosophila SUMO in cell cycle control, Ras signaling, and early pattern
formation. PloS one 4: e5905.
31. Becker J, Barysch SV, Karaca S, Dittner C, Hsiao HH, et al. (2013) Detecting
endogenous SUMO targets in mammalian cells and tissues. Nature structural &
molecular biology 20: 525–531.
32. Gingras AC, Gygi SP, Raught B, Polakiewicz RD, Abraham RT, et al. (1999)
Regulation of 4E-BP1 phosphorylation: a novel two-step mechanism. Genes &
development 13: 1422–1437.
33. Xu X, Vatsyayan J, Gao C, Bakkenist CJ, Hu J (2010) Sumoylation of eIF4E
activates mRNA translation. EMBO Rep 11: 299–304.
34. Gareau JR, Lima CD (2010) The SUMO pathway: emerging mechanisms that
shape specificity, conjugation and recognition. Nat Rev Mol Cell Biol 11: 861–
871.
35. Finkbeiner E, Haindl M, Raman N, Muller S (2011) SUMO routes ribosome
maturation. Nucleus 2: 527–532.
36. Bahler J, Wu JQ, Longtine MS, Shah NG, McKenzie A 3rd, et al. (1998)
Heterologous modules for efficient and versatile PCR-based gene targeting in
Schizosaccharomyces pombe. Yeast 14: 943–951.
37. Coldwell MJ, Hashemzadeh-Bonehi L, Hinton TM, Morley SJ, Pain VM (2004)
Expression of fragments of translation initiation factor eIF4GI reveals a nuclear
localisation signal within the N-terminal apoptotic cleavage fragment N-FAG.
Journal of cell science 117: 2545–2555.
38. Girdwood D, Bumpass D, Vaughan OA, Thain A, Anderson LA, et al. (2003)
P300 transcriptional repression is mediated by SUMO modification. Mol Cell
11: 1043–1054.
39. Vertegaal AC, Ogg SC, Jaffray E, Rodriguez MS, Hay RT, et al. (2004) A
proteomic study of SUMO-2 target proteins. J Biol Chem 279: 33791–33798.
40. Seraphin B (2002) Identification of transiently interacting proteins and of stable
protein complexes. Adv Protein Chem 61: 99–117.
41. Ho JC, Warr NJ, Shimizu H, Watts FZ (2001) SUMO modification of Rad22,
the Schizosaccharomyces pombe homologue of the recombination protein
Rad52. Nucleic Acids Res 29: 4179–4186.
42. Coldwell MJ, Sack U, Cowan JL, Barrett RM, Vlasak M, et al. (2012) Multiple
isoforms of the translation initiation factor eIF4GII are generated via use of
alternative promoters, splice sites and a non-canonical initiation codon. The
Biochemical journal 448: 1–11.
43. Moreno S, Klar A, Nurse P (1991) Molecular genetic analysis of fission yeast
Schizosaccharomyces pombe. Methods Enzymol 194: 795–823.
44. Shevchenko A, Tomas H, Havlis J, Olsen JV, Mann M (2006) In-gel digestion
for mass spectrometric characterization of proteins and proteomes. Nature
protocols 1: 2856–2860.
45. Ross PL, Huang YN, Marchese JN, Williamson B, Parker K, et al. (2004)
Multiplexed protein quantitation in Saccharomyces cerevisiae using amine-
reactive isobaric tagging reagents. Molecular & cellular proteomics: MCP 3:
1154–1169.
46. Chicooree N, Griffiths JR, Connolly Y, Tan CT, Malliri A, et al. (2013) A novel
approach to the analysis of SUMOylation with the independent use of trypsin
and elastase digestion followed by database searching utilising consecutive
residue addition to lysine. Rapid communications in mass spectrometry: RCM
27: 127–134.
47. Watts FZ (2004) SUMO Proteases. In: Wilson VG, editor. Sumoylation
Molecular Biology and Biochemistry. Wymondham: Horizon Bioscience. pp.
113–130.
48. Tanaka K, Nishide J, Okazaki K, Kato H, Niwa O, et al. (1999)
Characterization of a fission yeast SUMO-1 homologue, pmt3p, required for
multiple nuclear events, including the control of telomere length and
chromosome segregation. Mol Cell Biol 19: 8660–8672.
49. al-Khodairy F, Enoch T, Hagan IM, Carr AM (1995) The Schizosaccharomyces
pombe hus5 gene encodes a ubiquitin conjugating enzyme required for normal
mitosis. J Cell Sci 108: 475–486.
50. Shayeghi M, Doe CL, Tavassoli M, Watts FZ (1997) Characterisation of
Schizosaccharomyces pombe rad31, a UBA-related gene required for DNA
damage tolerance. Nucleic Acids Res 25: 1162–1169.
51. Bylebyl GR, Belichenko I, Johnson ES (2003) The SUMO isopeptidase Ulp2
prevents accumulation of SUMO chains in yeast. J Biol Chem 278: 44113–
44120.
52. Takahashi Y, Mizoi J, Toh EA, Kikuchi Y (2000) Yeast Ulp1, an Smt3-Specific
Protease, Associates with Nucleoporins. J Biochem (Tokyo) 128: 723–725.
53. Panse VG, Kuster B, Gerstberger T, Hurt E (2003) Unconventional tethering of
Ulp1 to the transport channel of the nuclear pore complex by karyopherins. Nat
Cell Biol 5: 21–27.
54. Xhemalce B, Seeler JS, Thon G, Dejean A, Arcangioli B (2004) Role of the
fission yeast SUMO E3 ligase Pli1p in centromere and telomere maintenance.
Embo J 23: 3844–3853.
55. Parrilla-Castellar ER, Arlander SJ, Karnitz L (2004) Dial 9-1-1 for DNA
damage: the Rad9-Hus1-Rad1 (9-1-1) clamp complex. DNA repair 3: 1009–
1014.
56. Zhao Y, Kwon SW, Anselmo A, Kaur K, White MA (2004) Broad spectrum
identification of cellular small ubiquitin-related modifier (SUMO) substrate
proteins. J Biol Chem 279: 20999–21002.
57. Denison C, Rudner AD, Gerber SA, Bakalarski CE, Moazed D, et al. (2005) A
proteomic strategy for gaining insights into protein sumoylation in yeast. Mol
Cell Proteomics 4: 246–254.
58. Wohlschlegel JA, Johnson ES, Reed SI, Yates JR 3rd (2004) Global analysis of
protein sumoylation in Saccharomyces cerevisiae. J Biol Chem 279: 45662–
45668.
59. Hashemzadeh-Bonehi L, Curtis PS, Morley SJ, Thorpe JR, Pain VM (2003)
Overproduction of a conserved domain of fission yeast and mammalian
translation initiation factor eIF4G causes aberrant cell morphology and results in
disruption of the localization of F-actin and the organization of microtubules.
Genes to cells: devoted to molecular & cellular mechanisms 8: 163–178.
60. Masutani M, Sonenberg N, Yokoyama S, Imataka H (2007) Reconstitution
reveals the functional core of mammalian eIF3. The EMBO journal 26: 3373–
3383.
61. Nilsson D, Sunnerhagen P (2011) Cellular stress induces cytoplasmic RNA
granules in fission yeast. RNA 17: 120–133.
62. Kafasla P, Barrass JD, Thompson E, Fromont-Racine M, Jacquier A, et al.
(2009) Interaction of yeast eIF4G with spliceosome components: implications in
pre-mRNA processing events. RNA biology 6: 563–574.
S. pombe Ulp2
PLOS ONE | www.plosone.org 12 May 2014 | Volume 9 | Issue 5 | e94182
63. McKendrick L, Thompson E, Ferreira J, Morley SJ, Lewis JD (2001) Interaction
of eukaryotic translation initiation factor 4G with the nuclear cap-binding
complex provides a link between nuclear and cytoplasmic functions of the m(7)
guanosine cap. Molecular and cellular biology 21: 3632–3641.
64. Wang CY, Wen WL, Nilsson D, Sunnerhagen P, Chang TH, et al. (2012)
Analysis of stress granule assembly in Schizosaccharomyces pombe. RNA 18:
694–703.
65. Kedersha N, Anderson P (2007) Mammalian stress granules and processing
bodies. Methods in enzymology 431: 61–81.
66. Brengues M, Parker R (2007) Accumulation of polyadenylated mRNA, Pab1p,
eIF4E, and eIF4G with P-bodies in Saccharomyces cerevisiae. Molecular
biology of the cell 18: 2592–2602.
67. Finkbeiner E, Haindl M, Muller S (2011) The SUMO system controls nucleolar
partitioning of a novel mammalian ribosome biogenesis complex. EMBO J 30:
1067–1078.
68. Panse VG, Kressler D, Pauli A, Petfalski E, Gnadig M, et al. (2006) Formation
and nuclear export of preribosomes are functionally linked to the small-
ubiquitin-related modifier pathway. Traffic 7: 1311–1321.
69. Srikumar T, Lewicki MC, Raught B (2013) A global S. cerevisiae small
ubiquitin-related modifier (SUMO) system interactome. Molecular systems
biology 9: 668.
70. Haindl M, Harasim T, Eick D, Muller S (2008) The nucleolar SUMO-specific
protease SENP3 reverses SUMO modification of nucleophosmin and is required
for rRNA processing. EMBO Rep 9: 273–279.
71. Topisirovic I, Ruiz-Gutierrez M, Borden KL (2004) Phosphorylation of the
eukaryotic translation initiation factor eIF4E contributes to its transformation
and mRNA transport activities. Cancer research 64: 8639–8642.
72. Murray JM, Carr AM, Lehmann AR, Watts FZ (1991) Cloning and
characterisation of the rad9 DNA repair gene from Schizosaccharomyces
pombe. Nucleic Acids Res 19: 3525–3531.
S. pombe Ulp2
PLOS ONE | www.plosone.org 13 May 2014 | Volume 9 | Issue 5 | e94182
